Single and multiple excitations in double-core-hole states of free water molecules by Marchenko, T. et al.

Single and multiple excitations in double-core-hole states of free
water molecules
T. Marchenko,1, 2, ∗ S. Carniato,1 G. Goldsztejn,1, † O. Travnikova,1, 2
L. Journel,1, 2 R. Guillemin,1, 2 I. Ismail,1 D. Koulentianos,1, 3, ‡
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Abstract
We present a combined experimental and theoretical study of the double-core-hole photoelectron
spectrum obtained in isolated water molecules irradiated with hard x-rays above the oxygen K−2
threshold. States of the type O K−2V and multiply excited states are created by single-photon
absorption and subsequent one-electron emission. A detailed analysis enabled by high experimental
resolution reveals dissociative nuclear dynamics in the K−2V pre-edge states. At the binding
energies above the K−2 double-ionization potential, a complex spectral pattern is observed and
attributed to highly excited states involving multiple shake-up excitation processes with the aid of
state-of-the-art theoretical calculations. A strong broadening due to the nuclear motion indicates
a highly dissociative nature of these multiply excited states, in agreement with the theoretical
analysis.
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I. INTRODUCTION
In the last few years, double-core-hole (DCH) spectroscopy has been well established with
different experimental tools at synchrotrons (see e.g. [1–8]) and free-electron laser sources
(see e.g. [9–13]).
DCH states can be formed by either simultaneous or sequential excitation and/or ejection
of two core electrons [14]. The ejection of two core electrons leads to a doubly charged ion
and two continuum electrons, while the simultaneous core-ionization and core-excitation
process yields a singly charged species and the ejection of only one electron. The electronic
states stemming from the latter mechanism are usually called DCH pre-edge states.
The most recent development has been the possibility of observing such DCH pre-edge
states with good electron kinetic energy resolution by single-channel photoelectron spec-
troscopy and Auger measurements at synchrotron sources. Since these states correspond
to the ejection of one core electron and the promotion of a second one to a virtual orbital
(V ), they can be described within the framework of the well-known shake-up states, and
considered as “super shake-ups”.
The physical mechanisms leading to the formation of DCH pre-edge states can be cate-
gorized into two processes, usually described as the direct and the conjugate path. In the
first case, absorption of a single photon induces dipolar ionization, leading to an ejection
of a core electron to the continuum, accompanied by a monopolar excitation (monopolar
“shake-up”) of the second core electron. In the case of a conjugate path, absorption of a
single photon results in the dipolar excitation of one core electron while the second core
electron is ejected into the continuum by a monopolar “shake-off” mechanism.
The spectroscopic properties of such DCH pre-edge states were explored in several studies
on isolated atoms and molecules with magnetic-bottle or HAXPES spectrometers coupled
with synchrotron radiation [6–8, 15–21]. All HAXPES experiments have been conducted at
the French synchrotron SOLEIL on the GALAXIES beam line, which is the first beam line
in the world to allow for gas-phase spectroscopic experiments in the so-called “tender” x-ray
range (2-13 keV) with state-of-the-art photon and electron kinetic energy resolution.
A wealth of information can be derived from the DCH spectroscopy. As an example, in
argon, one could identify the Rydberg series with different spin multiplicities, converging
to the related double-ionization potential (DIP) [15]. In neon, the so-called hyper-satellite
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Auger spectrum, which originates from the first relaxation step of different types of DCH
states, was assigned in detail [17]. In [18] DCH pre-edge states of CS2 and SF6 involving the
different K-edges were presented, and the analogies and differences between the DCH photo-
electron spectra and the absorption spectra of single-core-hole (SCH) states were underlined.
In general, the DCH pre-edge photoelectron spectrum shows similarities to the absorption
spectrum of a molecule in the presence of a core hole. However, due to a monopolar excitation
in the case of formation of K−2V DCH pre-edge states through the direct path, population
of dipole-forbidden states can occur, in particular in molecules with high symmetry, thus
leading to the spectral lines, which are absent in a “standard” absorption spectrum of a
molecule in the ground state. Furthermore, we have shown in several cases that continuum
resonances known as shape resonances, which are present above threshold in the ionization
continuum of singly ionized species, are “pushed” below threshold in DCH spectra, due to
the difference in molecular potential between a single and a double core vacancy [8, 18, 21].
More recently, some papers have been published showing that not only spectroscopic
but also dynamical information on DCH states can be extracted from high-resolution data.
In [22] the topology of the potential energy surface and the lifetime of the DCH states of
CH3I were obtained, by performing complementary measurements of resonant inelastic X-
ray scattering and resonant Auger spectroscopy. Furthermore, the highly repulsive nature
of DCH states leading to ultrafast dissociation has been illustrated in [23, 24].
With the aim at exploiting these newly acquired experimental tools, we have turned
our attention to water, the system whose dynamical properties are the most important in
absolute, not only from an academic point of view, but because of the obvious links between
the behavior of water molecules exposed to X-ray and important issues such as radiation
damage in biological samples, “in vivo” or in water solution (see e.g. [25] and references
therein).
Previous studies on DCH formation in water molecules using a magnetic-bottle spec-
trometer allowed identification of the oxygen K−2 DIP and the binding energies of the
first excited K−2V states in the DCH photoelectron spectrum [5, 7]. Direct and conjugate
shake-up contributions to the K−2V states were identified and indications of the dissocia-
tive dynamics in these states were observed [7]. However, limited experimental resolution
prevented a detailed spectral analysis. Our recent high-resolution study in gas-phase water
using HAXPES spectrometer demonstrated the presence of nuclear dynamics, in particular
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the stretching of the O—H bonds, during DCH formation and decay. An indication of an
ultrafast proton motion was obtained through a careful analysis of the shape and width of
the hyper-satellite Auger spectral lines resulting from the decay of the DCH states [26].
In this work we present a combined experimental and theoretical study of the DCH
photoelectron spectrum obtained in gas-phase water molecules upon ionization with hard
x-ray photons of energy well above the oxygen K−2 threshold. At the binding energies
below the DIP, the spectrum contains the previously observed pre-edge K−2V states. A
detailed comparison of the spectral line shapes with theoretical calculations, enabled by
high-resolution measurements, reveals dissociative nuclear dynamics in the pre-edge K−2V
states. Furthermore, the experimental photoelectron spectrum exhibits broad spectral lines
at the binding energies above the K−2 DIP, which are attributed to highly excited DCH
states, involving multiple shake-up excitation processes. A strong broadening due to the
nuclear motion indicates a highly dissociative nature of these multiply excited states, in
agreement with the theoretical analysis.
II. METHODS
A. EXPERIMENT
The experiment was performed at the HAXPES end station, based on a hemispherical
electron analyzer installed on the GALAXIES beam line at the synchrotron SOLEIL [27,
28]. The spectrometer was set parallel to the light polarization vector. The width of the
spectrometer slits was 0.6 mm, the pass energy was set at 200 eV. The photon energy of
2.3 keV was chosen as the lowest value available on GALAXIES. The total experimental
resolution of 0.65 eV includes the 0.6 eV spectrometer resolution, the photon bandwidth of
0.2 eV and the thermal Doppler broadening of 0.1 eV.
Figure 1 shows the experimental water photoelectron spectrum as a function of the bind-
ing energy. The oxygen K−2 DIP located at 1171 eV [5] is marked in the figure. Below
the DIP the spectrum contains the K−2V lines, previously observed and discussed in [5, 7].
The broad structure above the DIP was observed in [7], but its origin has not been dis-
cussed and so far remained unclear. High quality of the data allows for a detailed fitting,
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FIG. 1. Experimental photoelectron spectrum in water at 2.3 keV photon energy (circles). Solid
line through the experimental data shows the result of the fit. The components of the fit are shown
in dashed lines with a vertical offset. The double ionization potential located at the binding energy
of 1171 eV is marked in the plot.
In the fitting procedure we fixed the lifetime width of 0.44 eV FWHM (full width at half
maximum) for the DCH state in water [29]. We also fixed the energy interval of 1.5 eV
between the two components of the first peak as known from the earlier work [5, 7]. The
results of the fit are shown in figure 1. Two arctangent functions were included in the fit to
describe the unresolved bound states and the continua above the DIP and above the triple
ionization threshold located around 1200 eV with two core and one valence electron missing.
The energy positions and the dynamic broadening values extracted for the most prominent
fit components are summarized in table I and compared to the results of our calculations
outlined in the next section.
B. THEORY
A theoretical model for a description of the K−2V states including the direct and conju-
gate contributions is provided in detail in [7]. The transition energies of the K−2V states
covering the binding energy region between 1150 eV and 1200 eV were calculated with our
home code and GAMESS(US) quantum ab-initio package [30] using configuration interac-
tion (CI) and density functional theory (DFT). The initial and final states were described
with a post Hartree-Fock (HF) CI procedure using for oxygen an aug-cc-PCVQZ basis set
augmented by additional diffuse (s,p,d) orbitals in order to better take into account Rydberg
states and relaxation of the valence orbitals (v) in the presence of core holes.
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In our approach we use the same set of orthogonal molecular orbitals (MO) to describe
both the ground state of the neutral molecule and the DCH states of the singly-ionized
molecular ions. We choose a reference set consisting of MOs optimized for the K−2 ion
by HF calculations. The final-state wave functions of the molecular ions are expanded over
DCH K−2V (2h−1e) configurations with two core holes and one electron excited to a vacant
virtual orbital, DCH/valence-hole K−2v−1V V ′ (3h− 2e) configurations with two core holes,
one valence hole and two electrons excited to the virtual orbitals, and DCH/double-valence-
hole K−2v−1v′−1V V ′V ′′ (4h− 3e) configurations with two core holes, two valence holes and
three electrons excited to the virtual orbitals. The initial ground state is described by a CI






the single-valence (v → V ) and double-valence (vv′ → V V ′) excited configurations as well as
single-core-single-valence (Kv → V V ′), single-core (K → V ), and double-core (KK → V V ′)
excitations.
We made use of our home code in order to compute the full K−2V spectrum including
energies and intensities in the region below the DIP. For that, our CI-active space is restricted
to single-valence and double-valence excitations and is formed by the empty K−2 core-shell
orbital, four doubly occupied valence (v) MOs and sixty unoccupied virtual (V ) MOs.
In the region above the DIP we consider a moderate CI active space using the same set
of valence occupied MOs as in the region below the DIP, but the virtual space is limited to
the low-lying 4a1, 2b2, 2b1, 5a1 unoccupied MOs, providing both the doublet states of interest
contributing to the spectrum as well as the quartet ones for which DFT single-point energies
were used as energies of reference. The use of a moderate active space allows for a rough
classification by energy ordering of single and multi-excited states useful for the discussion
later.
In principle, in the HF Hamiltonian of a (N)-particle system single-core and single-core-
single-valence excitations would not contribute because of the Brillouin theorem. However,
since the same set of the doubly core-ionized K−2 MOs is used for the initial state as for
the K−2V states, single-core and single-core-single-valence excitations in the CI expansion
give tiny contributions essential, respectively, for the description of the direct path in K−2V
and K−2v−1V V ′ multi-excited states. The direct and conjugate K−2V cross sections are
evaluated in the dipole approximation from the transition amplitudes calculated in the
length gauge.
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In the simulations we make an assumption that the asymmetry parameter associated
to the direct shake-up is β = 2 (p-wave) for the O(1s) photoelectron, and that β = 0
for the conjugate shake-up (s-wave). Considering a half acceptance angle of 20◦ ± 10◦ for
the entrance lens of the analyzer, a factor 2.8 ± 0.2 between the direct and the conjugate
shake-up pathways is taken into account [16].
For the nuclear motion, numerical gradients along the normal (anti)symmetric stretching
modes are calculated within the GAMESS(US) package at a DFT level of theory, using the
Becke three-parameter hybrid exchange and the Lee-Yang-Parr (B3LYP) gradient-corrected
correlation functional. While below the DIP the peaks can be essentially described as
an ejection of one core electron accompanied by a single discrete transition, the situation
is less straightforward in the region above the DIP, where one can expect the effect of
coupling between the discrete multi-excited states and the double-ionization continuum.
The simulation of this region taking into account the coupling effect is out of reach due to
a huge number of CI configurations.
To reproduce the region satisfactorily we adopted the following strategy. Our analysis
reveals three main families of the CI states contributing to the spectrum above the DIP.
In the first case, 90% of a CI state consists of a single (2h− 1e) configuration. Since the
corresponding core excitation in the presence of a core hole involves a vacant orbital located
above the DIP, this state was considered as a pure continuum state. In order to calculate the
continuum profile of the spectrum a static-exchange (STEX-HF) approximation technique
has been adapted and combined to a Stieltjes imaging technique as described in [31].
In the second case, 90% of a CI state consists of (3h − 2e) and (4h − 3e) configurations
corresponding to discrete multi-excitations where core excitations involve vacant orbitals
located below the DIP. In this situation, similar to the one encountered for the region below
the DIP, the CI state was treated as a pure discrete state.
In the third case, a CI state exhibits strong mixing between a single “continuum” state
and various discrete “multiple-excitations” states. Therefore, for the sake of simplicity,
these states and their associated cross sections were considered in the pool of the continuum
states. The discrete multi-excitation contribution is superimposed to the simulated double
continuum. Here, we assume that there is no coupling/interference between the discrete and
the double continuum parts (see figure 1 in Supplementary Material for the illustration of
our theoretical approach).
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In the framework of our model, we consider that the line intensities derived from the direct
path are only due to single-coreK → V and single-core-single-valenceKv → V V ′ transitions
implemented in the initial ground state CI wave-function. However, while such core-valence
excited configurations play a minor role in the neutral state to produce multi-electronic
excited states above the DIP, the same configurations can in principle be also formed from
double-core excited configurations (preserving symmetry conditions) contributing to the
neutral ground state.
As an example, the K−2v−1V V ′ final configuration can be reached from a direct path,
i.e. by dipolar ejection to the continuum of one O(1s) electron from the initial K−1v−1V V ′
configuration. Alternatively, it can be obtained by a single valence ionization v → v−1
following x-ray photon absorption from the K−2V V ′ electronic configuration contributing
to the neutral CI description. This valence ionization channel could thus interfere with the
core-ionization direct path, possibly impacting the cross sections in the region above the
DIP (see discussion in [32] and references therein). While we explicitly treat the double-core
excitations in the CI neutral state, the interference effects were not considered, since those
are beyond the purpose of the present study.
III. RESULTS AND DISCUSSION
A. Region below the DIP
Figure 2(a) shows the assignment of the MOs involved in the O 1s → V core excitations
contributing to the region below the DIP. The CI calculated discrete K−2V lines are broad-
ened by a Lorentzian with the oxygen K−2 lifetime width of 0.44 eV FWHM [29]. For the
states of a1 symmetry, the contributions of the direct and the conjugate paths are summed
up, whereas for the states of other symmetries, b1 and b2, only the conjugate pathway re-
mains possible [7]. The binding energies of the first four K−2V excited states calculated
at CI and DFT levels of theory are summarized in table I. A constant offset is applied to
the calculated binding energies to align the 1a−21 4a1 peak with the maximum of the first
experimental peak.
In order to clarify the possible role of the nuclear motion during the DCH formation, the
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FIG. 2. (a) Comparison of an experimental photoelectron spectrum of water measured at 2.3
keV (circles) with the CI calculated spectrum consisting of discrete K−2V lines broadened by the
oxygen K−2 lifetime width. Contributions of states with different symmetries are shown with solid
lines of different colors: a1 red, b2 green, b1 blue. Assignment of the molecular orbitals involved
in the core excitation is shown for the most prominent lines below the DIP. (b) Comparison of
the experimental photoelectron spectrum (circles) to the calculations treating the states above the
DIP as pure continuum states (dashed black) and as a mixture of continuum and discrete states
broadened by a Gaussian of 0.4 eV FWHM (solid green) or 4 eV FWHM (dotted red).
calculation of the gradients of the potential energy surfaces along the various normal modes
at the neutral equilibrium geometry. At the equilibrium geometry of the initial electronic
ground state, the largest gradient is for the symmetric stretching mode, while the component
along the bending mode is much weaker and vanishes for the antisymmetric stretching mode.
For the main broad peak, formed by the 1a−21 4a1 and 1a
−2
1 2b2 states, the FC values of
2.4 eV and 2.8 eV, respectively, obtained from the fit of the experimental data, are in good
agreement with the calculations (see table I). The reported values are slightly larger than
the theoretical FC broadening of 2.2 eV FWHM provided for the DCH states in water in
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our recent paper [26]. The large gradients along the symmetric stretching mode, shown in
table I, can be explained by the strong antibonding character of the corresponding MOs.
Gradient calculation must be considered with caution since the dynamics in the FC zone is
determined by the potential energy surface corresponding to the symmetric stretching mode.
However, outside the FC zone, i.e far from the neutral equilibrium geometry, a switch to the
the antisymmetric stretching mode can occur leading to OH—H bond dissociation [8].
The experimental width of the second most intense peak in the spectrum is considerably
reduced compared to the main peak. The FC values of 1.2 eV and 1.4 eV obtained from the
fit of the contributing 1a−21 2b1 and 1a
−2
1 5a1 states are in good agreement with the theoretical
results. The corresponding values of the gradients along the symmetric stretching mode are
roughly two times lower compared to the case of the 1a−21 4a1 and 1a
−2
1 2b2 states (see table I).
This is due to the fact that 2b1 is a non-bonding MO and 5a1 is much more diffuse than 4a1
or 2b2. It is interesting to note that full geometry optimization leads also to final OH +H
+
fragments in both cases indicating that the K−2V states are metastable at the equilibrium
geometry (the gradient along the antisymmetric mode is equal to zero) and should present
specific dynamics involving the antisymmetric stretching mode outside the FC zone.
The question of nuclear dynamics in core-ionized water molecules has a relatively long
history. It is well known that upon resonant core excitation below the O(1s) single-ionization
threshold the water molecule undergoes ultrafast dissociation, meaning that there is a com-
petition between resonant Auger decay from the intact molecule and O—H bond rupture
during the core-hole lifetime of around 5 fs, and therefore, in the resonant Auger spectra
one can identify spectral features related to the decay of the intact molecular ion as well as
of the OH fragment [33].
In the case of DCH state formation with a much shorter lifetime of 1.5 fs, no complete dis-
sociation can be expected. However, since the nuclear motion starts within the DCH lifetime,
one can expect its fingerprint in the DCH spectra. As we have recently shown, the nuclear
dynamics has to be taken into account for an accurate description of the hyper-satellite
Auger spectra resulting from the decay of the DCH states in water [26]. In particular, we
have shown there that the 1a−21 4a1 state presents a large dynamical effect, due mainly to
the anti-bonding character of the 4a1 MO.
The previous attempts to reveal the presence of nuclear motion in the DCH photoelec-
tron spectra of water were limited by the poor experimental resolution exceeding the FC
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broadening of the dissociative state [5, 7]. In contrast, our high experimental resolution
allows for an unambiguous extraction of the FC broadening of the first four K−2V states
and therefore, reveals a clear manifestation of nuclear dynamics in these DCH states.
TABLE I. Experimental and theoretical binding energies calculated at CI and single-point
DFT/B3LYP level, Franck-Condon widths and calculated gradients of the potential energy surfaces
in the FC zone for several characteristic DCH states in water located below and above the DIP.




4a1 1155.2 1155.5 1155.5 2.4 2.6 16.8
1a−2
1
2b2 1156.7 1157.0 1156.6 2.8 2.8 18.2
1a−2
1
2b1 1162.5 1162.4 1162.3 1.2 1.4 8.9
1a−2
1












































2b15a1 1193.60 3.3 21.4
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B. Region above the DIP
The experimental spectrum above the DIP contains an intense broad peak at the bind-
ing energy of 1186.3 eV and two smaller contributions located around 1180 eV and 1194
eV. These features are not at all reproduced by theory within a discrete basis set used in
figure 2(a). On the other hand, the simulations considering all the states above the DIP as
a pure continuum, yield a flat dashed curve in figure 2(b) that also fails to reproduce the
experimentally observed structures.
Therefore, it is important to take into account the nature (discrete/continuum) of the dif-
ferent states contributing to this energy region, formed by multiple shake-up configurations,
where one core electron is ejected into the continuum, the second core electron is excited to
one of the vacant MOs (4a1, 2b2, 2b1, 5a1, 6a1) and a third (valence-shell) electron is shaken
from an occupied MO (2a1, 1b2, 3a1, 1b1) to a vacant MO.
The binding energies, gradients and corresponding FC widths, calculated at single-point
DFT/B3LYP level of theory, are shown in table I. For the open-shell final states the spin
quartet configurations were considered (see table 1 in Supplementary Material for detailed
theoretical results).
Several selected multiple shake-up states listed in table I are split in three groups ac-
cording to their energies. The first group contains the configurations with one core-shell 1a1
electron ejected to the continuum, whereas the other 1a1 electron and a valence electron are
shaken to the lowest vacant 4a1 or 2b2 MOs. These lowest unoccupied MOs are involved in
the K−2V states forming the first peak below the DIP at the lowest binding energy around
1155.5 eV. The binding energies of the states in the first group above the DIP are close to
1180 eV, where the experimental data contains a small peak.
The second group contains the states with binding energies close to the most intense
broad peak observed above the DIP at 1186.3 eV. The states in this group have one electron
excited to one of the lowest vacant MOs 4a1 or 2b2, and another electron promoted to an
outer 5a1 or 2b1 MOs. For instance, the peak with the DFT binding energy of 1184.56 eV
corresponds to the final configuration 1a−21 3a
−1
1 4a15a1, where one core-shell 1a1 electron is
ejected to the continuum, the other 1a1 electron is promoted to the vacant MO 4a1, and
another electron is shaken from a deep-valence 3a1 to the outer 5a1 MO. The outer MOs
5a1 and 2b1 are involved in the K
−2V states forming the second peak below the DIP at the
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binding energy around 1162.5 eV.
The third group contains the configurations where both the core-shell and a valence
electrons are excited to the outer 5a1 or 2b1 MOs. The binding energies of these states are
the highest of the three groups and are close to 1194 eV, where we observe a small peak in
the experimental data.
The gradient analysis for these single-configuration states indicates a strong repulsive
behaviour along the symmetric stretching mode. This is not very surprising since in these
cases the core excitation into an antibonding MO (4a1, 2b2, 2b1 or 5a1) is accompanied by
an additional valence excitation from a bonding MO (1b1, 3a1, 1b2) to an antibonding MO,
thus reducing the strength of the O—H bond. The gradient values typical for the states
above the DIP are nearly twice as large as the gradients of the dissociative states below the
DIP. This indicates the presence of even faster nuclear dynamics in such multiply-excited
states.
In our simulations considering a mixture of discrete and continuum states above the DIP,
we assumed a state discrete, if at least 75% of a CI state correspond to multiple-excitation
configurations. Otherwise, the state is considered as continuum. Figure 2(b) shows the
results of our simulations for two values of FC broadening applied to the region above the
DIP. With a relatively low broadening value of 0.4 eV FWHM (solid green line), a clear
peak is revealed at the binding energy of 1187 eV in close agreement with the position of the
most intense experimental peak. Furthermore, the simulations demonstrate the presence of
structures around 1180 eV and in the 1190-1200 eV region, which is also in line with the
experimental observation.
Applying a broadening value of 4 eV FWHM to the region above the DIP, consistent with
the theoretical FC widths indicated in table I, leads to smoother features in the simulated
spectrum (dotted red line) and reproduces fairly well the experimental spectral shape in this
region.
One can assume that the agreement could be further improved considering the coupling
between the discrete and continuum states above the DIP, where the Fano interference may
lead to modulation of the shape and relative intensities of the spectral features. However,
this treatment is beyond the scope of the present paper.
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IV. CONCLUSION
In conclusion, in this work we present a combined experimental and theoretical study
of the DCH photoelectron spectrum in gas-phase water molecules ionized with hard x-rays
above the oxygen K−2 DIP. We present here a detailed analysis of both the below- and
the above-DIP regions. At the binding energies below the DIP, the spectrum contains
features that we assign to pre-edge K−2V states. High-resolution measurements allowed for
a detailed comparison of the spectral line shapes with theoretical calculations, which reveals
dissociative nuclear dynamics in the pre-edgeK−2V states. To interpret the spectral features
above the DIP, the nature (continuum or discrete) of the numerous states contributing to this
region has to be taken into account, together with a strong configuration-interaction mixing
between a high number of discrete states. Theoretical results have been obtained which
detail the extent of such mixing. The experimental photoelectron spectrum exhibits broad
spectral lines at the binding energies above the K−2 DIP, which are attributed to highly
excited DCH states, involving multiple shake-up excitation processes. A strong broadening
caused by the nuclear motion indicates a highly dissociative nature of these multiply excited
states in agreement with the theoretical analysis.
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[21] D. Koulentianos, S. Carniato, R. Püttner, G. Goldsztejn, T. Marchenko, O. Travnikova, L.
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